The new bis(iminopyridyl)phthalazine ligand, 1,4-{(2,6-i-Pr2C6H3)N=CMe)C5H3N}2C8H4N2 (L), has been prepared in good yield using a combination of palladium-mediated cross coupling and condensation strategies. Reaction of L with three equivalents of CoX2 (X = Cl, Br) in n-BuOH at elevated temperature generates, on crystallisation from bench acetonitrile, the paramagnetic tetrahalocobaltate salts [(L)Co2X(µ-X)(NCMe)m(OH2)n](CoX4) (X = Cl, m = 2, n = 1 1a; X = Br, m = 2, n = 0 1b) as acetonitrile or mixed acetonitrile/aqua adducts; a similar product is obtained from the reaction of FeCl2 with L and has been tentatively assigned as [(L)Fe2Cl(µ-Cl)(OH2)3](FeCl4) (2). By contrast, reaction of L with NiX2(DME) (X = Cl, Br; DME = 1,2dimethoxyethane), under similar reaction conditions, affords the halide salts [(L)Ni2X2(µ-X)(OH2)2](X) (X = Cl 3a, X = Br 3b) as aqua adducts. Structural determinations on 1 and 3 reveal L to adopt a bis(tridentate) bonding mode allowing the halide-bridged metal centres to assemble in close proximity (M···M range: 3.437 -3.596 Å). Unexpectedly, on reaction of L with ZnCl2, the neutral bimetallic [(L)Zn2Cl4] (4b) complex is formed in which the ZnCl2 units fill inequivalent binding sites within L (viz. the Nphth,Npy,Nim and Npy,Nim pockets). Complex 4b could also be obtained by the sequential addition of ZnCl2 to L to form firstly monometallic complex [(L)ZnCl2] (4a) and then on further ZnCl2 addition 4b; the fluxional behaviour of diamagnetic 4a and 4b is also reported. On activation with excess methylaluminoxane (MAO), 1 -3 display modest activities for alkene oligomerisation forming low molecular weight waxes with methyl-branched products predominating for the nickel systems (3). On the other hand, the iron catalyst (2) gives exclusively α-olefins while the cobalt systems (1) are much less selective affording equal mixtures of α-olefins and internal olefins along with lower levels of vinylidenes and tri-substituted alkenes. Single crystal X-ray structures are reported for L, 1a, 1b, 3a, 3b and 4. 
Introduction
Recent years have seen an upsurge in interest in the development of suitably tailored ligand frameworks capable of housing more than one olefin oligomerisation-or polymerisation-active metal centre in close proximity [1] . This bioinspired strategy [2] has led to a raft of bimetallic (both early [1, 3] and late [1, [4] [5] [6] [7] transition metals) catalysts being reported bearing a range of binucleating ligands that can display different degrees of flexibility and enforce a broad range of metal-metal separations. With regard to late transition metal catalysts (e.g., Fe, Co, Ni) , beneficial effects reported so far include increased stability and activity [8] , inhibition of Lewis base deactivation [9] and increased polar comonomer incorporation [10] . Notably, however, reports of rigid architectures that can enforce the late metal ions into separations of less than 4 Å are more limited due, in part, to the scarcity of ligand manifolds that can impart the necessary steric and electronic properties [11] . have been tethered to this core include triazoles [12] , alkylphosphines [13] , alkylimines [14] , alkylpyridines [15] and alkylimadazoles [16] . By contrast, reports of 1,4-dipyridyl-phthalazines and its substituted pyridyl derivatives are less common [17] . For example, 1,4-dipyridyl-phthalazines appended with carboxylates and napthyridine donors (A in Fig. 1 ) have been reported for ruthenium and highlight the capacity of these ligand sets to act as bis(tridentate) ligands allowing metal-metal separations of between 3.576 and 3.671 Å.
Herein, we are concerned with developing a 1,4-dipyridyl-phthalazine that contains two bulky N-arylimine end groups with a view to exploring its ability to act as rigid binucleating ligand for two closely located 3d metal centres. In particular, we report the synthesis and characterisation of cobalt(II), iron(II) and nickel(II) halide complexes of 1, )N=CMe)C5H3N}2C8H4N2 (L) ( Fig. 1) and their performance in ethylene oligomerisation.
To complement the coordination chemistry study, we also report the corresponding zinc(II) halide chemistry with view to exploring the solution state properties of these diamagnetic species.
Results and discussion

Ligand synthesis
The bis(iminopyridine)phthalazine, 1,4-{(2,6- with 1,4-dibromophthalazine (Scheme 1); the overall synthetic approach being based on a general method for preparing 2,6-oligopyridylimines [18] . Compound L displays a protonated molecular ion peak in its ESI mass spectrum and exhibits a υ(C=N)imine absorption band at 1645 cm -1 in its IR spectrum. In the 1 H NMR spectrum the equivalent CMe=N protons are seen as a singlet at δ 2.27 while the CMe=N carbon is found at δ 165.9 in the 13 C{ 1 H} NMR spectrum. Further confirmation of the composition of L was achieved in the form of a single crystal X-ray determination.
L crystallises as three independent molecules (A, B and C) which differ most notably in the relative inclination of the central phthalazine group to the adjacent pyridine units. A view of molecule A is depicted in Figure 2 ; selected bond lengths and angles are collected for all three in (11) Bond angles C(14)-C(13)-N(1) 123.6(9) 127.9(10) 126.2(9) C(34)-C(33)-N (6) 125.2(10) 125.6(10) 124.4(10) N(3)-C(20)-C (19) 113.0(10) 114.4 (9) 112.5(9) N(4)-C(27)-C(28) 114.6(10) 117.2 (9) 113.9 (9) Co(2) a six-coordinate geometry is also observed for 1a, this time with an acetonitrile molecule trans to a terminal chloride ligand. In contrast, the geometry at Co (2) in 1b can best be described as distorted square pyramidal [τ = 0.23 (where τ = 0 represents ideal square-based pyramidal and τ = 1 trigonal bipyramidal)] [19] , with Br (2) 76.18° (1), 71.77° (2)]. There are no intermolecular contacts of note. Fig. 3 . Molecular structure of the dicationic unit in 1a including a partial atom numbering scheme. All hydrogen atoms, except for H (1) and H(1a), have been omitted for clarity. Fig. 4 . Molecular structure of the dicationic unit in 1b including a partial atom numbering scheme. All hydrogen atoms have been omitted for clarity. (6) Co (2)-N(1) 2.136 (7) Co(1)-N(5) 2.067 (7) Co (2)-N(2) 2.050(6) Co(1)-N (6) 2.130 (6) Co (2)-N(3) 2.151 (7) Co(1)-N(8) 2.096 (7) Co (2)-N(7) 2.325(8)
171.9(2) N(7)-Co(2)-Cl (2) 166.9(2) Co(1)-Cl(1)-Co (2) 95.82(10) Table 3 Selected bond distances (Å) and angles (°) for 1b
Bond lengths
2.072 (7) Co (2)-Br(1) 2.4728(12) Co(1)-N(8) 2.130 (7) Co (2) (14) Bond angles N(4)-Co (1) (1) 175.89(17) N(2)-Co(2)-Br (1) 155.03(17) N(7)-Co(1)-N(8) 170.3 (2) Br (1)-Co(2)-Br (2) 109.28(5) Co(1)-Br(1)-Co (2) 92.80 (4) Both 1a and 1b exhibit, in their positive FAB mass spectra, fragmentation peaks corresponding to [(L)Co2X2], [(L)Co2X] and [(L)CoX] (X = Cl, Br). Unexpectedly, a peak attributable to [(L)Co2X3] is also visible (the apparent result of halide addition to the LCo2X2 core in 1) in both spectra. The origin of this additional halide is unclear as the formulation for 1a
and 1b as a dication-[CoX4] 2pair is supported by the microanalytical data. Furthermore, their negative FAB mass spectra confirm the presence of a tetrahalocobaltate dianion with a [CoX3]
peak clearly visible for both complexes. In their IR spectra the υ(C=N)imine band is shifted ca. 45
cm -1 to lower in wavenumber in comparison with L consistent with metal coordination; weak absorption bands attributable to coordinated acetonitrile ligands can be seen in both complexes at ca. 2283 cm -1 .
The related reaction of L with FeCl2 was also explored and gave on recrystallisation from a mixture of dichloromethane and hexane a navy blue microcrystalline material that has tentatively been assigned [(L)Fe2Cl(µ-Cl)(OH2)3](FeCl4) (2) . Unfortunately crystals suitable for a single crystal X-ray diffraction study could not be obtained. Nevertheless the spectroscopic and spectrometric properties of 2 resemble those of 1 with the positive FAB mass spectrum indicating fragmentation peaks corresponding to [(L)Fe2Cl2] and [(L)FeCl], while the negative FAB mass spectrum showed a peak for [FeCl3] . Moreover, the microanalytical data supports the composition proposed for 2.
Nickel(II) halide complexes (3)
Similar treatment of L with three equivalents of NiX2(DME) (X = Cl, Br; DME = 1,2dimethoxyethane) in n-BuOH at elevated temperature gave, on prolonged standing in bench acetonitrile, [(L)Ni2X2(µ-X)(OH2)2](X) (X = Cl 3a, X = Br 3b) as red-brown crystals, in moderate yield (Scheme 2). The yield of 3a and 3b was subsequently improved by using the corresponding 2:1 stoichiometry for NiX2(DME) to L. Both complexes have been characterised using FAB mass spectrometry, IR spectroscopy, elemental analyses and magnetic measurements (see experimental section). In addition, 3a and 3b have been the subject of single crystal X-ray diffraction studies.
Perspective views of 3a and 3b are given in Figure 5 ; selected bond distances and angles for both species are collected in Table 4 . Each structure comprises a bimetallic monocationic unit charge balanced by a halide counter-anion. In the case of 3a a centrosymmetric dinuclear core is adopted while in 3b this symmetry is absent, otherwise both structures show similar features.
Within the cationic unit the two nickel centres are accommodated in the two tridentate Nphth-Npy- (2) and support metal coordination.
Zinc(II) chloride complexes (4)
In an attempt to make a diamagnetic analogue of chloride derivatives 1a, 2 or 3a, the reaction of L with ZnCl2, under similar reaction conditions was undertaken. On work-up, [(L)Zn2Cl4] (4b) was isolated in reasonable yield as pale yellow crystals (Scheme 2). Complex 4b has been characterised using FAB mass spectrometry, IR and 1 H NMR spectroscopy and single crystal X-ray diffraction (see experimental section).
A view of 4b is given in Figure 6 ; selected bond distances and angles are compiled in Table   5 . The structure comprises a neutral bimetallic complex in which one zinc centre (Zn (2)) fills a (1) 2.097 (4) Ni (1)-N (6) 2.102 (12) Ni (2)-N(1) 2.122 (12) Ni (1)-N(2) 1.999 (4) Ni (1)-N(5) 1.987 (12) Ni (2)-N(2) 2.007 (12) Ni (1)-N(3) 2.080 (4) Ni (1)-N(4) 2.115 (12) Ni (2)-N(3) 2.143 (13) Ni (1)-Cl (1) 2.3444 (16) Ni (1) (2) 2.428 (2) Ni (1)-Br (1) 2.646 (3) Ni (2)-Br (2) 2.646 (3) Ni (1)-O(1) 2.117 (5) Ni (1)-O (1) 2.055 (10) Ni (2)-O (2) 2.105(10) C(13)-N (1) 1.305 (6) C (13)
1.368 (7) N(3)-N(4) 1.347 (14) Ni (1)
3.437
Ni (1)···Ni (2) 3.569 (1) 102.08 (14) N (6) (2) 95.97 (13) N (6)-Ni (1)-Br (1) 96.9(4) N(1)-Ni (2)-Br (2) 97.6(3) N(1)-Ni (1)-O(1) 93.88 (17) N (6)-Ni (1) (2) 92.74 (5) Br (3)-Ni (1)-Br (1) 93.16 (9) Br (3)-Ni (2)-Br (2) 91.96 (9) Cl (2)-Ni (1)-O(1) 170.11 (12) Br (1) (8) Ni (1)-Br(3)-Ni (2) 92.80(8) a Atoms with suffix A are generated by symmetry (-x+1, y, -z+1/2). bidentate pyridylimine binding site in L while the other (Zn (1)) occupies a tridentate phthalazine-pyridylimine site. The coordination sphere at each metal centre is completed by two chloride ligands to give a tetrahedral geometry at Zn (2) and a distorted square based pyramidal geometry at Zn(1) (τ = 0.31) [19] . The unsymmetrical binding of zinc atoms has the result that (1)-N(6) 2.216(5) Å] and moreover at the top end of the range when compared with structurally related species containing the five-coordinate (N,Npy,Nim)zinc dichloride motif [21] . The absence of a halide bridge, as in 1 and 2, results in the metal centres being located far apart [Zn(1)•••Zn (2) 7.123(5) Å]. There are no intermolecular contacts of note. The presence of inequivalent binding sites in 4b also prompted us to explore the possibility of introducing the ZnCl2 units sequentially on the ligand framework. Hence reaction of L with could then be readily converted to 4b by reaction with a further equivalent of ZnCl2 in acetonitrile at room temperature.
Bond angles
Monometallic 4a is fluxional. At -38 °C, the 1 H NMR spectrum in CD3CN shows two singlets for the inequivalent imine methyl groups and two distinct septets for the CHMe2 groups;
these signals coalesce at 9 °C (∆G ǂ = 55 kJ mol -1 at 282 K) ( Figure S8 in ESI). 22 At room temperature the 1 H NMR spectrum remains broad but resolves itself at 74 °C with a sharp singlet for the imine methyl group and a single well-defined septet for the CHMe2 protons.
Evidently there is an interchange in coordination of the pyridylimine donors within L ( 4) . 
Catalytic evaluation
Complexes 1 -3 have all been screened as precatalysts [using methylaluminoxane (MAO) as co-catalyst] for oligomerisation of ethylene; the results are summarised in Table 6 (runs 1 -5).
All the systems showed modest activity affording hydrocarbon-based waxes that were readily soluble in toluene (and chloroform). No evidence for higher molecular weight polymeric materials could be detected under these experimental conditions. The nickel-based 3/MAO (runs 4 and 5) proved the most active producing internal olefins as the major component of the mixture and α-olefins as the minor one. In addition, the 13 C{ 1 H} NMR spectrum of these oligomeric products indicates the presence of mainly methyl branches, along with very low levels of longer chain branches (e.g., ethyl and propyl) [23] . A chainwalking mechanism has been previously used to account for the observed isomerisation/branching in related nickel-based catalysts [24] . By contrast, the cobalt systems (runs 1 and 2) were the least active resulting in extensive isomerisation to give mixtures of terminal, internal and branched products such as vinylidenes and tri-substituted materials. On the other hand, the iron system (2: run 3) was the most selective forming high levels of α-olefins (in the range C4 to C26 from GC), a characteristic of iron oligomerisation catalysts [25] .
Despite the structural similarity of the two N,N,N-Fe binding sites in 2 to that found in the well-documented mononuclear bis(imino)pyridine-and imino-bipyridine-iron oligomerisation catalysts [25] , it is unclear as to why the performance of 2, under comparable conditions, has proved significantly inferior. However, the observed distortions (and implications on strain) within the coordinated dinitrogen-containing heterocyclic unit in dicobalt (1) and dinickel species (3) (see Figs. 3-5), may provide some insight. It would seem plausible that a similar strain would exist in 2 giving rise to ineffective Nphth-Fe binding leading, under polymerisation conditions, to partial or complete dissociation in a manner similar to that seen for dizinc- containing 4b. It is noteworthy that the related bis(bidentate) diron system, [2, )N=C(Me)C5H3N}2C6H3N]FeCl2/MAO is inactive in alkene oligomerisation [11] .
Conclusions
The sterically bulky bis ( 
Experimental
General considerations
All operations, unless otherwise stated, were carried out under an inert atmosphere of dry, oxygen-free nitrogen using standard Schlenk and cannula techniques or in a nitrogen purged glove box. Solvents were distilled under nitrogen from appropriate drying agents [26] or were employed directly from a Solvent Purification System (Innovative Technology, Inc). The electrospray (ESI) mass spectra were recorded using a micromass Quattra LC mass spectrometer with dichloromethane or methanol as the matrix. FAB mass spectra (including high resolution)
were recorded on Kratos Concept spectrometer with m-nitrobenzyl alcohol (NBA) as matrix.
The infrared spectra were recorded in the solid state with Universal ATR sampling accessories on a Perkin Elmer Spectrum One FTIR instrument. NMR spectra were recorded on a Bruker DPX 300 spectrometer operating at 300.03 ( and used without further purification. The compounds tetrakis(triphenylphosphine)palladium (0) [29], 6-tributylstannyl-2-(2-methyl-1,3-dioxolan-2-yl)pyridine [18a,30] and NiCl2(DME) [31] were prepared using literature procedures. All other chemicals were obtained commercially and used without further purification.
Synthesis of 1,4-dibromophthalazine
The title compound was prepared using a modification of a previously reported procedure [32] . To a round bottomed flask equipped with a stir bar and reflux condenser was added a mixture of 1,4-phthalhydrazide (1.375 g, 8. 49 mmol) and carbon tetrabromide (85 g). The reaction mixture was heated to 80 °C and phosphorous pentabromide (9.135 g, 21. 2 mmol, 2.5 eq.) introduced. The temperature was then raised to 130 °C and stirred at this temperature for 6 h. After cooling to room temperature, the solid mass was treated with CH2Cl2 (60 mL) until all lumps had been disintegrated to form a suspension. This mixture was then added to ice water (250 mL) and stirred overnight. The organic layer was extracted and dried over magnesium sulphate. Following filtration, the filtrate was concentrated until a paste was formed; the paste was filtered and washed with copious amounts of hexane. The crude product was recrystallised from hot THF and left to stand at -30 °C overnight. The yellow needles were collected and dried; additional crops of the product were combined (71%, 1.721 g). Mp: 156-158 ºC (lit. [32] : 160 °C). 1 
Synthesis of 1,4-{(O=CMe)C5H3N}2C8H4N2
An oven-dried Schlenk flask equipped with a magnetic stir bar was evacuated and backfilled with nitrogen. The flask was charged with 1,4-dibromophthalazine (1. 30 g, 4.52 mmol), 6-tributylstannyl-2-(2-methyl-1,3-dioxolan-2-yl)pyridine (4.51 g, 9. 94 mmol, 2.2 equiv.), tetrakis(triphenylphosphine)palladium(0) (0.42 g, 0.36 mmol, 0.08 equiv.), cuprous bromide (0.104 g, 0.72 mmol, 0.16 equiv.) and toluene (50 mL). The reaction mixture was stirred and heated to 100 °C for 72 h. After removal of the solvent under reduced pressure, the resulting oil was stirred for 12 h in 4M HCl (50 mL). On cooling to room temperature, the reaction mixture was neutralised with sodium hydrogen carbonate and extracted with chloroform (3 x 40 mL). The combined organic extracts washed with water (3 x 40 mL), a saturated solution of the disodium salt of EDTA (2 x 30 mL) and brine (1 x 50 mL) and then dried over magnesium sulphate.
Following filtration, the solvent was removed under reduced pressure and the crude product , 39.54; H, 4.04; N, 6.01. Found: C, 39.26; H, 3.86; N, 5.85% . µeff (Evans Balance): 5.9 BM.
Synthesis of [(L)Fe2Cl(µ-Cl)(NCMe)2](FeCl4) (2)
An oven-dried Schlenk flask equipped with a magnetic stir bar was evacuated and backfilled with nitrogen. The flask was charged with FeCl2 (0.055 g, 0.437 mmol) in n-BuOH (10 mL) and the contents stirred at 95 °C until the iron salt had completely dissolved. L (0.100 g, 0.146 mmol) was added and the reaction mixture stirred at 95 °C overnight. After cooling to room temperature, the solvent was concentrated and hexane added to precipitate the product. The suspension was filtered and dried to afford the crude product as a navy blue powder (82%, 0. 6.30. Found: C, 45.90; H, 4.91; N, , 54.26; H, 5.74; N, 8.25. Found: C, 54.31; H, 5.85; N, 7. PLATON for 1a, 3a, 3b and 4b [34] . (2) 150 (2) 150 (2) 150 (2) 150 (2) (11) 10.348 (7) 10.1377 (12) 17.741 (13) 10.128 (2) 10.836 (2) Fig. 1 Compartmental ligands based on 1,4-dipyridinyl-substituted phthalazines (A) and L.
Legends for Figures, Schemes and Tables
Fig. 2
Molecular structure of L including a partial atom numbering scheme. All hydrogen atoms have been omitted for clarity. Fig. 3 Molecular structure of the dicationic unit in 1a including a partial atom numbering scheme. All hydrogen atoms have been omitted for clarity. Fig. 4 Molecular structure of the dicationic unit in 1b including a partial atom numbering scheme. All hydrogen atoms have been omitted for clarity.
Fig. 5
Molecular structures of (a) 3a and (b) 3b, including a partial atom numbering scheme. All hydrogen atoms, apart from those belonging to the waters, have been omitted for clarity. 
Table 1
Selected bond lengths (Å) and angles (°) for L.
Table 2
Selected bond lengths (Å) and angles (°) for 1a.
Table 3
Selected bond lengths (Å) and angles (°) for 1b.
Table 4
Selected bond lengths (Å) and angles (°) for 3a and 3b.
Table 5
Selected bond lengths (Å) and angles (°) for 4b.
Table 6
Catalytic evaluation of 1 -3 for ethylene oligomerisation. a Table 7 Crystallographic and data processing parameters for L, 1a, 1b, 3a, 3b and 4b.
